We carried out oxygen and carbon isotope studies on monospecific foraminifer samples from DSDP Sites 522, 523, and 524 of Leg 73 in the central South Atlantic Ocean. The oxygen isotope ratios show a warming of 2 to 3 °C in bottom water and 5°C in surface water during the Paleocene and early Eocene. The carbon isotope values indicate strong upwelling during the early Eocene. The 1% increase in the δ 18 θ values of benthic and planktonic foraminifers at Site 523 in the later middle Eocene we ascribe to changes in the pattern of the evaporation and precipitation. The changes may be due to the worldwide Lutetian transgression. The oxygen ratios for the benthic and planktonic foraminifers indicate a cooling at the Eocene/Oligocene transition. The maximum temperature drop (5°C for benthic and 3°C for planktonic foraminifers) is recorded slightly beyond the Eocene/Oligocene boundary and took place over an interval of about 100,000 yr. The pattern of currents in the Southern Hemisphere was mainly structured by a precursor of the subtropical convergence during the Paleocene to late Eocene. The cooling at the Eocene/Oligocene transition led to drastic changes in the circulation pattern, and a precursor of the Antarctic convergence evolved.
INTRODUCTION
The last decade has greatly advanced our knowledge of the history of the Cenozoic ocean. Cores recovered from deep sea drilling during different DSDP cruises in the Pacific, Atlantic, Antarctic, and Indian oceans have shed light on the evolution of worldwide climate and on Oceanographic changes. Cooperation between paleontologist, sedimentologist, and isotope geochemist has permitted the development of a fairly detailed idea of the evolution of global circulation patterns and climate based on faunal and geochemical changes during the Mesozoic and Tertiary.
The Paleogene represents only one interval in the observed worldwide cooling period that began in the Late Cretaceous and culminated in the late Neogene glaciation. The most distinguishing characteristic of the Paleogene is the establishment of the psychrosphere, which occurred during the late Eocene and earliest Oligocene. This phenomenon was first described by Benson (1975) . Another important Oceanographic event during the early part of the Cenozoic was the change from a predominantly equatorial to a circumantarctic circulation pattern (Berggren and Hollister, 1977) .
In the Pacific, Savin (1973, 1975) , Haq (1976) , , Kennett (1977) , Savin et al. (1975) , and Shackleton and Kennett (1975a, b) provided basic information on the Paleogene paleontology and isotope stratigraphy. In the Atlantic, Boersma and Shackleton (1977 Shackleton ( , 1978 , Haq, Premoli Silva, et al. (1977) , , Toumarkine (1978) , Vergnaud Grazzini and Lointier (1980) , and Vergnaud Graz- zini et al. (1978) contributed to an understanding of the Paleogene climatic and Oceanographic changes. In the Indian Ocean, mainly McGowran (1979) and Kennett (1978) have recorded the faunal changes during the Paleogene. In this study, stable isotope analyses were carried out on different Paleogene planktonic and benthic monospecific samples of foraminifers from Sites 522, 523, and 524 on Leg 73 in the South Atlantic (Fig. 1) . The purpose of these analyses was to understand the geochemical and climatic changes in the eastern South Atlantic during the Paleogene. Sediments recovered at these sites provide almost complete coverage of the Pa- leogene with sufficient biostratigraphic and paleomagnetic control. Hence, we could trace the initiation and duration of the climatic and Oceanographic changes, as well as their intensity, from the Paleocene to the Eocene/Oligocene boundary.
STRATIGRAPHY
The three studied sites ( Fig. 1) were drilled along a transect between 25 and 30° South latitude. Sites 522 and 523 are situated in the southern Angola Abyssal Plain, and Site 524 is on the southeastern flank of the Walvis Ridge. At Site 524, the Paleocene sediments contain mainly turbiditic bryozoan fragments and foraminifers in volcaniclastic sandstones, indicating neritic conditions on parts of the Walvis Ridge during the early to late Paleocene. In the uppermost Paleocene the detrital influence diminished suddenly and pelagic sedimentation became established. In the late Paleocene to early Eocene, chert layers indicate a brief interval of siliceous planktonic activity. This time interval was uniquely recovered at Site 524. At Sites 522 and 523, during the middle and late Eocene as well as in Oligocene, mainly nannofossil oozes with a fairly constant CaCO 3 content (80-90%) accumulated. At Site 523, several layers of marls up to 80 cm thick are intercalated in the nannofossil ooze sequence between 100 and 145 m. Foraminifer-nannofossil oozes were only observed at the Eocene/ Oligocene transition at Site 522. At Site 523, some foraminifer sand intercalations up to several centimeters thick (Cores 41-50) indicate periodical detrital influences from the Walvis Ridge. This reworking was noted in the middle Eocene and also in the Oligocene. The oldest sediments (50 m.y.) of Site 523 were deposited at a depth of about 2300 m (site chapters, this vol.). By the Eocene/Oligocene boundary, this site had subsided to a depth of 3400 m. At Site 522 the investigated interval (late Eocene-early Oligocene) was sedimented at a depth between 2500 and 3000 m.
ANALYTICAL METHODS
For the isotopic record, monospecific planktonic and benthic foraminifer samples were picked. Sample weight was between 0.1 and 0.5 mg. The foraminifer samples were slightly broken and then cleaned by ultrasonic treatment to remove adhering particles from chamber cavities. Before isotope processing, these cleaned samples were finely crushed and afterwards roasted in vacuo at 400°C for 30 min. The carbon dioxide was released by reaction with 100% orthophosphoric acid at 50°C. The isotopic composition of the gas was measured by a triple collector mass spectrometer, Micromas 903 C at the Geological Institute of the ETH in Zurich. The isotope ratios are reported in the δ notation as per mill deviation from the PDB standard. For the oxygen and carbon isotope ratios the analytical precision is =FO.1 % O .
RESULTS AND SOME REMARKS ON PALEONTOLOGICAL VARIABLES
Planktonic and benthic foraminifers are valuable tools for recording surface and bottom water conditions in the isotope composition of their tests. The following monospecific planktonic foraminifer samples provided information on geochemical and temperature changes in surface water masses during the Paleogene. A continuous record of the same species throughout the Paleogene could not always be realized because the composition of the assemblages often changed. Thus, at Site 522 Stilostomella spp. were used as the bottom water recorder because only this genus could provide a continuous record across the Eocene/Oligocene boundary. The oxygen and carbon isotope values of benthic and planktonic foraminifers are plotted in Figures 2 to 4 and listed in Tables 1 to 3 . Investigations on recent and fossil planktonic foraminifers demonstrate that different species live or have lived at different water depths (Berger, 1969; Hecht and Savin, 1972; and Douglas and Savin, 1978) . This depth stratification can be traced at least back to the Late Cretaceous. Douglas and Savin (1978) found that from Paleogene species some Acarinina and Morozovella spp. yield lower δ 18 θ values than Subbotina spp. These species were restricted to surface and/or intermediate water depth, whereas turborotalids were preferentially intermediate to deep dwellers. According to the results of Douglas and Savin (1978) , the δ 18 θ values of Acarinina and Morozovella spp. are 0.5 to 0.6% 0 lighter than those of Subbotina spp., while the δ 13 C values are generally about 1.4% 0 heavier than those of Subbotina spp. Further, the δ 18 θ values of Catapsydrax dissimilis are 0.5 to 0.6% 0 heavier than the oxygen isotope ratio of different Globigerina and Globoquad- Isotope investigations of different recent planktonic and benthic foraminifer species showed that the calcite of most species is not formed under equilibrium conditions with the environment (Woodruff et al., 1980; Vincent et al., 1981) . These authors found that the calcite of the test deviates from equilibrium values by a speciesspecific factor. Therefore, isotope values of different species can often not be compared directly, and absolute gradient estimates between surface and bottom water are questionable. If we try to draw parallels between our data and those of other investigations (Boersma and Shackleton, 1977; Savin, 1973,1975; Shacklet on and Kennett, 1975a) , difficulties arise, because often only δ 18 θ and δ 13 C compositions of mixed benthic and planktonic assemblages are available.
DISCUSSION
The oxygen isotope composition of planktonic and benthic foraminifers monitor changes in not only temperature but also in the water mass properties of both the surface and the bottom water. The oxygen isotope composition of the seawater is dependent on changes in salinity; changes in salinity are related to changes in global ice volume and modifications in the fresh water flowing into the ocean. Interpretations of the oxygen ratios of foraminifers may be meaningless without additional information from paleontological and sedimentological investigations, because temperature increases may counterbalance a salinity increase in the δ 18 θ record (e.g., a temperature increase results in lighter δ 18 θ values of foraminifers, whereas a higher salinity environment modifies the δ 18 θ ratio in the skeletal calcite towards heavier values). Carbon isotope ratios, which depend on the isotopic composition of the dissolved carbonate in the seawater, record fluctuations in biological productivity. This study demonstrates the relationship between changes in δ 18 θ and δ 13 C values, climatic modifications, and changes in the circulation pattern. To a certain extent, climate and circulation are influenced by the ocean/continent configuration.
Paleobathymetric reconstructions at the Cretaceous/ Tertiary boundary by Sclater et al. (1977) show that by this time the South Atlantic was already open to deep water at the southern end. In addition, the Vema Gap was deep enough to allow the passage of bottom water into the northern basins of the South Atlantic, although the Walvis Ridge and the Rio Grande Rise can be considered a barrier to an efficient exchange of bottom water between the south and north. During the Paleocene and Eocene, both morphological heights subsided, but only in the Oligocene did the Walvis Ridge reach a depth below 3000 m. By the late Paleocene, the northern South Atlantic was probably also open to the north, allowing deep and shallow water to penetrate to and from the North Atlantic (Sclater et al., 1977) . During the Paleocene (65-55 Ma), Australia and Antarctica remained joined (Weissel et al., 1977) . In the early Eocene (-55 Ma), Australia began to drift northward, but the continents remained connected by the South Tasman Rise. Only by the late Eocene (40 Ma) had a shallow water connection developed over the South Tasman Rise and allowed circulation between the southern Pacific and Indian oceans. This initial circumantarctic flow, the increasing isolation of the Antarctic continent, and some other as yet unknown factors initiated the Antarctic glaciation in the later Paleogene (Margolis et al., 1977; Shackleton and Kennett, 1975a; Keigwin, 1980) . The isotope stratigraphy from the studied sites of Leg 73 in the northern Cape Basin and the southern Angola Basin show three well-defined intervals from the early Paleocene to the early Oligocene. Each interval will be discussed separately.
Late Paleocene to Early Eocene (Nannofossil Zones NP4-NP5, NP9-NP12?)
In the northern Cape Basin (Site 524, Fig. 2 ) the δ 18 θ values of Subbotina spp. and Nuttalides truempyi decrease by 0.6 and 0.3% 0 from the late Paleocene to the early Eocene. The δ 18 θ values for planktonic and benthic foraminifers are almost the same. The decrease in the oxygen isotope ratio indicates a warming by about 2°C in the surface water during the NP4 to NP5 time and by 1 to 2°C in the bottom and surface water layer during the NP9 to NP12? time. In the North Atlantic, the oxygen isotope data from Hole 400A (Vergnaud Grazzini et al., 1978) reveal the same trend as observed in the investigated sites of the eastern South Atlantic. In the North Atlantic, the δ 18 θ values of Subbotina indicate a warming by 6°C in the surface water from NP3 to NP11, whereas the δ 18 θ values of mixed Oridorsalis and Nuttalides assemblages document a warming in bottom water by about 4°C from NP9 to NP11. These oxygen isotope changes in planktonic and benthic foraminifers, coeval in the northern and southern Atlantic, show an excellent time coincidence with migrations of flora and fauna in the Atlantic, which Haq, Premoli Silva, et al. (1977) interpreted as climatic fluctuations. According to these authors, this excursion of low latitude assemblages (Ericsonia subpertusa and Toweius craticulus assemblages) toward higher latitudes indicates a temperature increase between 57 and 47 Ma.
Observations of flora, fauna, and geochemistry in the Southern Hemisphere indicate the occurrence of similar climatic changes within this time interval. Isotopic measurements in surface water planktonic foraminifers from the subpolar Site 277 (Shackleton and Kennett, 1975a) also indicate a warming of 2 to 3 °C at the transition from the late Paleocene to the early Eocene. A temperature decrease may be interpreted from the oxygen isotope ratios of the benthic foraminifers from this site. This interpretation is based on δ 18 θ measurements of mixed benthic assemblages, however, so we cannot directly compare the data with ours.
Investigations of flora and fauna by Kemp (1978 Kemp ( , 1981 , Kennett (1978), and McGowran (1979) in the early Paleocene sediments of Australia and Antarctica as well as in the southern Indian and Pacific oceans gave evidence of relatively cool conditions. On the continents, a cool moist climate prevailed; in the oceans, planktonic assemblages of cosmopolitan type and low diversity dominated (Kemp, 1978; Kennett, 1978) . In the late Paleocene and early Eocene, floral and faunal assemblages reflected warmer conditions in the oceans and on the continents, although a cooler reversal seems to be documented by an increased occurrence of Chiαsmolithus near the top of Paleocene (Edwards and Perch-Nielsen, 1975) . Kemp (1978 Kemp ( , 1981 interpreted the early Eocene floral spectra in Australia as typical rain forest vegetation adapted to a warm temperate climate, a climate that even shows local resemblances to a tropical climate.
In the investigated samples of Site 524, we did not find a δ 18 θ gradient between planktonic intermediate dwellers and benthic foraminifers. This might be partly due to the species-specific disequilibrium values. In the Paleocene oceans a latitudinal and, hence, vertical temperature gradient existed but was not very pronounced (Douglas and Woodruff, in press ). Therefore the δ 18 θ values of benthic foraminifers should be at least slightly heavier than those of planktonic foraminifers, since Site 524 may well have been at a depth of a few thousand meters at that time (see site chapters, this vol.). The minor difference in the δ 18 θ values be ween planktonic and benthic foraminifers could point to a low salinity component ( 16 O enrichment) in the bottom water of the Cape Basin. In the Paleocene and early Eocene, widespread rain forests indicate a major rain belt in the southern trade and subpolar belts (Kemp, 1978 (Kemp, , 1981 . Such a climatic barrier would change not only the vegetation but may also have lowered the salinity of the seawater over vast areas in the ocean. By this time the seawater probably had salinity characteristics similar to those we observe today in the surface water south of the subtropical convergence (Dietrich, 1963) . In the earlier Paleogene, this lower salinity seawater, which was also cooler than the adjacent subtropical surface water masses, covered higher mid-and high-latitude realms of the southern Indian and southern Atlantic oceans. We assume that this surface water sank along a precursor of the subtropical convergence and provided the bottom water in the South Atlantic basins, inasmuch as the Cape Basin was already open toward the south (Sclater et al., 1977) . In the Paleogene, the convergence and divergence pattern was probably less differentiated than it is today because latitudinal temperature gradients were low and circumantarctic currents did not yet exist. We believe therefore that by this time only one significant convergence existed in the southern oceans. The δ 13 C values of Nuttalides truempyi decrease by 1.2% from the late Paleocene to the early Eocene. The δ 13 C values of Subbotina spp. and Morozovella spp. decrease by 0.5 and 1% respectively in the late Paleocene and stagnate for both planktonic foraminifers in the early Eocene. The δ 13 C values of the morozovellids and acarinids (which are both considered to be surface dwellers) were rather high from the late Paleocene to the early Eocene. Of course, this discussion assumes that the δ 13 C compositions of the ECO 2 in surface water was strongly influenced by biological processes. At Site 524, several chert layers that date from the late Paleocene to the early Eocene were found. This sediment type indicates an increase in siliceous planktonic activity and may be attributed to transient upwelling currents. In this time interval siliceous intercalations were not restricted to this area but were also described for instance from Indian Ocean sites (Fisher et al., 1974; Simpson et al., 1974) . In addition to this evidence for high siliceous planktonic activity, calcareous nannofossil and dinoflagellate diversity increased during the late Paleocene and early Eocene (Haq, 1973; Bujak and Williams, 1979) . Further, Davies and Worsley (1981) reported increasing CaCO 3 accumulation rates. We conclude, therefore, that the relatively heavy δ 13 C values of the surface planktonic foraminifers were due to biological activity, because 12 C is preferentially enriched in organic matter, and hence the dissolved carbonate in the surface layer became depleted in 12 C (Deuser and Hunt, 1969 ). The δ 13 C gradient between surface dwellers and subsurface (Subbotina spp.) and bottom inhabitants is very pronounced. We consider the low δ 13 C values for benthic foraminifers further proof that the source area of the bottom water in the Cape Basin was located in the Southern Ocean adjacent to the Australo-Antarctic continent during the late Paleogene and early Eocene. Since, as mentioned earlier, these continents were covered with rain forests (Kemp, 1978 (Kemp, , 1981 and the climate was temperate and humid up to high latitudes, the weathering of organic material and the erosion of continents were favored. Thus, the plant and soil supply transferred from the continents to the ocean grew, and the δ 13 C ECθ2 in the adjacent ocean declined considerably (Shackleton, 1977) . Hence, the δ 13 C value of the bottom water was already light. Further, during the time of high fertility in the ocean, the δ 13 C gradient between the surface and the bottom water probably became even more pronounced because of the accelerated oxidation of organic matter.
The low δ 13 C values of the intermediate dweller Subbotina may be further evidence for upwelling activity (besides the cherty intercalations). Such a current would have brought bottom water with low δ 13 C values toward the surface and have influenced the carbon isotope ratio of the intermediate and deep dwelling planktonic foraminifers significantly.
Middle Eocene (Nannof ossil Zones NP15-NP17, Site 523)
The comparable δ 18 θ values of Subbotina spp. in the early and middle Eocene (Figs. 2 and 3) indicate that during this time interval the climatic conditions were relatively stable at this latitude. Isotope data from sites in the North Atlantic (Vergnaud Grazzini et al., 1978) and the western South Atlantic (Boersma and Shackleton, 1977) suggest a similar interpretation. Nannofossil and foraminiferal associations and their latitude distribution during this time interval led to the same conclusion and Haq, Premoli Silva, et al., 1977) . According to their observations in the Atlantic, the climate was warm up to the higher latitudes (60 °N and S) from the late Paleocene (NP9) to the early middle Eocene (NP 15). The δ 18 θ values of N. truempyi and O. umbonatus increased by 1.1 % 0 from the early to the middle Eocene and indicate a cooling in the bottom water. This temperature difference may be due to the paleodepth of the Angola Basin (Site 523), which was greater than that of the Cape Basin (Site 524). On the other hand, it may be related to the lower temperatures observed at the higher latitudes (Kemp, 1981) , the source area of the South Atlantic bottom water. Investigations of flora from Australia and Antarctica indicate a cooling at the beginning of the middle Eocene. The rain forests with tropical resemblances of early Eocene age became rereplaced by the floral associations of cool temperate climates. According to Kemp (1978 Kemp ( , 1981 , forests of the latter type are at present unknown. Therefore, no sound conclusions on the extent of the cooling can be drawn. McGowran (1979) reported comparable data. He described typical larger tropical foraminifers from the middle latitudes in the Indian Ocean in the later early Eocene, which withdrew to lower latitudes during earlier middle Eocene. After this cooling at higher latitudes, which also affected the bottom water at the middle latitudes, climatic conditions seems to stabilize for the rest of the early middle Eocene (Table 2 and Fig. 3 , Sample 523-49-2, 35-37 cm-Sample 523-42-2, 40-42 cm, NP15-NP15/16).
Only in the later middle Eocene (NP16-NP17) did planktonic and benthic foraminifer δ 18 θ values increase further (by about l% 0 ). As Boersma and Shackleton (1977) and Vergnaud Grazzini et al. (1978) could prove, this increase is not confined to the investigated area. These authors found a similar change in the western South Atlantic as well as in the North Atlantic. Isotope investigations by Shackleton and Kennett (1975a) on the Campbell Plateau in the southwest Pacific and by Douglas and Savin (1973) in the northern Pacific showed the same development in the Pacific as in the Atlantic. But the changes observed in the Pacific are not isochronous, which could partly be due to the incomplete core recovery. In the tropical Pacific (Site 167, Douglas and Savin, 1973 ) no significant changes in bottom water δ 18 θ composition are recorded to the base of Foraminifer Zone P14-P15. Then the oxygen isotope ratio of benthic foraminifers increases continuously by about l% 0 up to PI7. In the southwest Pacific an increase by l% 0 is documented from PI3 to PI4. In the western South Atlantic, the δ 18 θ values of benthic foraminifers increase from P14 to P16 and the values for planktonic foraminifers increase from P12 to P13 by about 1.2%. A δ 18 θ plot of benthic and planktonic foraminifers from Hole 400A in the North Atlantic shows a decrease by 1.2% 0 from P12 to P16 (Vergnaud Grazzini et al., 1978) . The direct comparison of isotope data from different oceans is somewhat difficult because often only mixed faunal assemblages were measured. Nevertheless, some conclusions can be drawn. The comparable increase of the δ 18 θ values and the time coincidence point to an unusual event which may have produced the oxygen isotope changes in the different oceans. Possible causes of such a change could be a worldwide cooling and/or a widespread change in the pattern of evaporation and precipitation.
Investigations on the distribution of calcareous plankton in the Atlantic by Haq, Premoli Silva, et al. (1977) indicate a change in the interval from 46 to 43 Ma (NP 16). These authors explained the observed changes in the faunal assemblages by a drop in temperature. According to our isotope data this would mean that surface and bottom temperatures diminished, even in the warm temperate zone, by 5°C. Such a temperature decrease should have enormous climatic consequence and could lead to growing polar ice or at least to a significant glaciation in mountain chains on continents. Present knowledge gives no indication of a major mid- die Eocene polar glaciation that reached sea level (Kennett, 1977) . In mountain chains, similarly, no prominent glaciation is known. Paleobotanic and paleontological data from different continents cast doubt on a drastic cooling of surface seawater in the lower and middle latitudes during this time interval. Wolfe (1972) gives data on paratropic rain forest assemblages (Ravenian flora) from the Alaskan middle Eocene. In Europe, the climate was significantly warmer than at present until the early Oligocene (Hochuli, 1978) . Schwarzbach (1974) observed palm trees at latitudes up to 55 °N, tropical trees and beetles in central Germany, and crocodiles in southern England until the late Eocene. Vast brown coal deposits are reported from the German middle Eocene (Schwarzbach, 1974) . Proof of a generally warm Eocene period also exists from the Southern Hemisphere. Kemp (1978 Kemp ( , 1981 described temperate rain forests in Australia of late middle Eocene and late Eocene age. McGowran (1979) observed a protrusion of larger tropical foraminifers toward the south in the Indian Ocean during the latest middle Eocene to the late Eocene. Indications of a warmer climate were also found in Patagonia (Volkheimer, 1971) . The 10°C isotherm during the Paleocene and Eocene lay approximately 1500 km farther south than at present. All these observations clearly contradict a significant global cooling earlier than the Oligocene.
Investigations of Paleogene sediments of the Indian Ocean and of Australia (McGowran, 1979) show that during the late middle Eocene, deposition on continental margins, especially of the northern and eastern Indian Ocean, is characterized by an isochron transgression. According to him, this transgression was not restricted to this area but can be connected with the classical Lutetian transgression (P12-P13, ~46 Ma). Such an event could influence the pattern of evaporation and precipitation and would, therefore, also affect the oxygen isotope composition of the seawater. A transgression favors evaporation in shallow areas, and thus the seawater is depleted in 16 O over large shelf areas. We believe that the faunal changes observed by Haq, Premoli Silva, et al. (1977) were caused by modifications in the salinity pattern of the surface water rather than only by significant temperature changes.
In the South Angola Basin, the surface water mass properties were probably influenced by a precursor of the Agulhas Current (Frakes and Kemp, 1973) which was derived at this time from shallow areas in the West-ern Indian Ocean. In this source area evaporation, favored by the transgression, also changed the δ 18 θ composition of the surface water, which we found in the later middle Eocene foraminifers of Site 523. Bottom water was probably derived at this time from shallow water areas, as had been the case during the late Paleocene and early Eocene (in, for example, the shelf areas associated with the Australian and Antarctic continent; this will be discussed later). The δ 18 θ values of Subbotina spp. are slightly lighter than those of Acarinina and Morozovella spp. According to Douglas and Savin (1978) , Subbotina dwells at intermediate water depths, whereas Acarinina and Morozovella typically inhabit surface water. In the late Paleocene and early Eocene, the depth ranking based on the δ 18 θ values of these species is consistent with the observations made by these authors. The virtually reversed depth ranking during the middle Eocene might be explained by a pronounced thermosaline stratification in the uppermost 100 to 200 m of the surface water layer. But this interpretation is highly hypothetical and needs further testing.
According to Sclater et al. (1977) , the subsidence of the Walvis Ridge was so far advanced that communication between the sites south (524) and north of the ridge (523) began to occur in the middle Eocene. The comparable δ 13 C values of benthic and planktonic foraminifers (Figs. 2 and 3) indicate that the connection between the two basins was not restricted to the surface water mass but existed also at deeper levels. The unchanged surface values from the early to early middle Eocene suggest that the productivity pattern of the surface water mass did not change significantly. The comparable carbon isotope ratio of O. umbonatus also indicates that the bottom water source areas remained the same. However, the δ 13 C values of the intermediate dwellers are compelling evidence for a different evolution. Early middle Eocene Subbotina spp. (Sample 523-47-2, 108-110 cm) reveal higher values (1.6‰) than those of early Eocene Subbotina spp. (1.1 %). In Sample 523-44-1,120-122 cm, the δ 13 C values of the Subbotina spp. are similar to those of Globigerinatheka mexicana (2.5‰). This excursion is probably due to the decreasing upwelling component and may be linked to the progressive subsidence of the Walvis Ridge. The δ 13 C increase in the bottom water at NP 16 time (Fig. 3) follows the δ 18 θ enrichment observed in the surface and bottom water. During this period, the δ 13 C values of the planktonic foraminifers did not change. They indicate unaltered biological activity in the surface water. The modifications in the bottom water δ 13 C composition can be explained in two ways; either the bottom water was formed in another area or conditions changed significantly in the source area. We favor the latter interpretation. As pointed out earlier, later middle Eocene sedimentation was imprinted by a worldwide transgression that is also well documented in Australia (McGowran, 1979) . In enlarged shelf areas more nutrients are tapped, and thus biological productivity increases in general during transgressions. As a consequence, the δ 13 C values of this seawater will be depleted in 12 C. Thus, during the middle Eocene, as during the late Paleocene and early Eocene, the bottom water of the Angola Basin may still have been produced adjacent to the Australo-Antarctic continent, although geochemical conditions had changed significantly.
Late Eocene to Early Oligocene (Nannofossil Zones NP18-NP21, Sites 522 and 523)
The Leg 73 results indicate that the late Eocene and the transition from the Eocene to the Oligocene are best documented in the Angola Basin (Site 522, Fig. 4) . At Site 523 the only observations are a few samples of O. umbonatus (Fig. 3) ; they display the same trend as at Site 522. At Site 522 the earlier late Eocene (NP18-NP20) is characterized by relatively stable δ 18 θ and δ 13 C values for planktonic and benthic foraminifers, an indication that conditions were stable. Only in the uppermost part of NP20 did the δ 18 θ values of the planktonic foraminifers Catapsydrax dissimilis and Globigerina venezuelanasλ. and the benthic foraminifers {Stilostomella spp.) increase steplike by more than 0.5% 0 (3°C) and l% 0 (6°C), respectively. The maximum increase is recorded slightly beyond the Eocene/Oligocene boundary. The pronounced changes in oxygen isotope ratios are most probably influenced by the initial cooling observed mainly at the higher latitudes (Shackleton and Kennett,-1975a) .
In the southwest Pacific and in the equatorial Pacific only minor changes in the δ 18 θ composition of planktonic and benthic foraminifers are recorded in the late Eocene (Shackleton and Kennett, 1975a, b; Savin et al., 1975) . These authors also reported a significant shift (l% 0 ) toward heavier values, especially in benthic foraminifers from the early Oligocene. Paleontological investigations in the Atlantic and the Southern Ocean (Haq, Premoli Silva, et al., 1977; Kemp, 1978 Kemp, , 1981 Kennett, 1978) displayed the same trend. Since the cooling in high latitudes from the early to middle Eocene, a vegetation adapted to a cool temperature climate (Kemp, 1981) was prevalent in coastal areas of southern Australia and Antarctica. However, the temperature was still not low enough by the late Eocene to promote a significant glaciation on the Antarctic continent (Kennett, 1977; Margolis et al., 1977) . Only in the late Oligocene do ice rafted sediments point to a south polar glaciation that had reached sea level (Hayes and Frakes, 1975) . Therefore, we conclude that the oxygen isotope changes observed in the Angola Basin may not be influenced by modifications in the volume of polar ice at the Eocene/ Oligocene transition. Rather, we believe that temperature decreases in the middle and high latitudes produced this oxygen isotope shift.
This sharply pointed temperature drop at the Eocene/ Oligocene boundary coincides with a continental plate configuration that allowed significant surface circulation between the Pacific and Indian oceans over the Tasman Rise and thus resulted in the isolation of Antarctica (Weissel et al., 1977) . This new continent configuration in the Southern Hemisphere may have affected the oceanic as well as the atmospheric circulation pattern and probably favored the establishment of a precursor of (Barker and Burrell, 1976) . This would mean that the bottom water source area became restricted to a very narrow area adjacent to the Antarctic continent and was confined to the north by the precursor of the Antarctic convergence. Such a new Oceanographic boundary would also favor cooling in the high latitudes, because, in addition to other as yet unknown factors, heat exchange between the subtropical and higher latitudes would be drastically reduced. The depletion in 12 C by about 0.5% 0 for both benthic and planktonic foraminifers at the Eocene/Oligocene transition is difficult to explain. Shackleton (1977) noticed that glacial samples have a lighter δ 13 C than samples formed during a less glaciated time interval. In this study, when we observed an isotopic cooling, the δ 13 C values of benthic foraminifers became heavier. According to Shackleton's observation this could mean that the temperature drop did not lead to significant glaciation during the transition from the Eocene to the early Oligocene. However, the increasing δ 13 C values for benthic foraminifers could indicate that bottom water was formed close to the Antarctic continent, where the weathering of soil and plant tissue diminished with the cooling. The parallel increase of the δ 13 C values in subsurface planktonic foraminifers. (C. dissimilis and G. venezuelαnα s.l.) can be explained by the decreased productivity in surface water at this latitude and, therefore, the retarded decay of organic matter. Low productivity and accumulation rates during this time interval sustain such an interpretation (Davies and Worsley, 1981; Kennett, 1977 ). An increased dissolution rate, also an effect of the cooling, may have strengthened to a certain extent the 12 C depletion (Luz and Shackleton, 1975) . The bottom water of the early Oligocene did not have the water mass properties of recent Antarctic Bottom Water, which displays low δ 13 C values (Kroopnick, 1980a, b) . Nevertheless, significant changes in bottom water properties are evident, because Benson (1975) and Douglas and Woodruff (in press ) reported a worldwide major crisis in deep sea benthic foraminifers at the Eocene/Oligocene boundary. There may be other reasons for this crisis besides temperature changes.
CONCLUSIONS
Stable isotope investigations on three DSDP sites in the South Atlantic led to the following conclusions:
Paleocene to Early Eocene 1. Oxygen isotope ratios in the midlatitude Site 524 in the northern Cape Basin revealed a warming of about 5°C in the surface water and 2 to 3 °C in bottom water from the early Paleocene to the early Eocene.
2. Relatively low oxygen and carbon isotope values of Oridorsαlis umbonαtus and Nuttαlides truempyi point to a lower salinity source area for the bottom water. The low carbon isotope ratios of these benthic foraminifers indicate that the bottom water had a considerable CO 2 component of organic origin. By this time a broad rain belt existed in the trade belt and vast areas of the southern continents were covered with rain forests (Kemp, 1978 (Kemp, , 1981 . We conclude, therefore, that the South Atlantic Bottom Water was generated in the southern oceans adjacent to the Australo-Antarctic continent.
3. We interpret the remarkably low δ 13 C values of the intermediate planktonic dwellers as an indicator for upwelling activities which were probably also favored by the morphological high of the Walvis Ridge.
Middle Eocene 1. In the early middle Eocene (NP 15) the gradually increasing δ 13 C values of intermediate planktonic dwellers may indicate diminishing up welling currents probably due to progressed subsidence of the Walvis Ridge.
2. The increasing δ 18 θ and δ 13 C values of planktonic and benthic foraminifers from NP 16 to NP 17 we would not interpret as a cooling, but we would link it to the worldwide observed Lutetian transgression. Transgression favors evaporation, especially in shallow water realms, and therefore 18 O is enriched in seawater. With transgressive conditions, more nutrients are trapped on shelf areas, and biological activities may increase there. Inasmuch as both factors influence the isotopic composition towards heavier values, we can assume that both surface and bottom water isotopic composition are influenced in their source area by this transgression. The surface water was derived during the middle Eocene from shallow areas adjacent to the Indian Ocean and was brought to the southern Atlantic by a proto-Agulhas Current. The source area of the bottom water had probably not changed since the early Eocene; therefore, bottom water was formed adjacent to the Australo-Antarctic continent.
Late Eocene to Early Oligocene
Oxygen isotope ratios of benthic and planktonic foraminifers indicate a temperature decrease by about 5°C in bottom layers and by about 3°C in surface water layers from the very late Eocene to the earliest Oligocene. The maximum decrease is recorded slightly beyond the Eocene/Oligocene boundary and occurred within approximately 100,000 yr. The temperature drop coincides with the isolation of Antarctica from Australia. Thus, circulation may be significantly changed, and a precursor of the Antarctic convergence was probably established. This convergence restricted the bottom water source area to a narrow realm adjacent to the Antarctic.
